I. INTRODUCTION
The lattice dynamics of ionic insulators with the rocksalt structure, especially alkali halides such as LiF, has long been studied using inelastic neutron scattering 1 and infrared reflection, [2] [3] [4] transmission, [4] [5] [6] and ellipsometry. 7, 8 By contrast, much less is known about the lattice dynamics of NiO. It is similar in many aspects to LiF, because it has approximately the same rocksalt face-centered cubic (FCC) crystal structure (with four NiO formula units per conventional cubic unit cell). However, it has a lower Pauling ionicity 9 of 0.51 (compared to 0.89 for LiF), resulting in a reduced splitting of the transverse optical (TO) and longitudinal optical (LO) phonons. Simple band theory predicts NiO to be a metal, and the question of why it is not has received considerable attention. The strong electronic correlations between the Ni-3d electrons make NiO a charge-transfer insulator 10, 11 with type-II antiferromagnetic ordering 12 below the Neel temperature of 523 K. Whether the antiferromagnetic ordering has an impact on the infrared-active zone-center phonons will be the topic of this paper.
In the antiferromagnetic phase of NiO, the spins of the Ni cations in the (111) planes of the rocksalt structure lie within the (111) plane and are oriented along the h11 2i directions. These spins alternate with opposite magnetization in each (111) layer. [12] [13] [14] Since there are four families of {111} planes (four principal T domains) and three h11 2i directions in each (111) plane (three S domains), there are 24 different antiferromagnetic domains (counting two different spin orientations along each ½11 2 direction). 15 This ordering of spins leads to a doubling of the cubic lattice constant in the magnetic unit cell in comparison to the chemical (or structural) NiO unit cell. 12, 14 This cubic magnetic cell therefore contains eight cubic chemical cells 14 for a total of 32 NiO formula units.
Also, the rocksalt conventional FCC unit cell contracts in NiO along the [111] direction (the magnetic axis) and thus becomes trigonal (or rhombohedral). The trigonal lattice parameters 14, 16 are a ¼ b ¼ c ¼ 4.176 Å and a ¼ b ¼ c ¼ 90.05 . While the primitive unit cell of the trigonal NiO lattice still contains only one NiO formula unit (just like the primitive unit cell in the rocksalt structure, from which it is derived), it is more convenient to describe the NiO crystal with a hexagonal lattice and a rhombohedral structure with three NiO formula units for each (rhombohedral, hexagonal) conventional unit cell. The lattice parameters of the hexagonal unit cell 17 are a ¼ 2.9549 Å and c ¼ 7.2320 Å . The space group for the trigonal NiO crystal structure is R 3m ð166; D 5 3d Þ, which is a subgroup of the Fm 3m ð225; O 5 h Þ FCC rocksalt space group. 17 The Ni and O atoms are located at the 3a and 3b Wyckoff positions of the R 3m lattice. The hexagonal c-axis is the cubic body diagonal in the rocksalt structure and also the magnetic axis. The a-axis of the hexagonal cell is one half of the face diagonal in the cubic rocksalt structure. 17 As one might expect, the magnetic conventional unit cell of NiO is the doubled chemical (hexagonal) unit cell with a ¼ 2.9609 Å and c ¼ 14.486 Å . The doubling occurs along the hexagonal axis, which is the same as the cubic (111) body diagonal. 17 The magnetic (rhombohedral) conventional unit cell contains six NiO formula units, but the primitive magnetic trigonal unit cell contains only two NiO formula units. 18 Since antiferromagnetic NiO can be considered a hexagonal crystal, it is optically uniaxial, with the optical axis being the same as the hexagonal (magnetic) axis. 15, 19 The dielectric tensor of this structure is diagonal and has two independent components. 20 The ordinary dielectric function describes rays with the electric field vector polarized perpendicular to the hexagonal axis, while the extraordinary dielectric function describes rays with the electric field vector polarized parallel to the hexagonal axis. NiO is uniaxial positive and the extraordinary refractive index n e is larger than the ordinary refractive index n o by 0.003 at k ¼ 5900 Å , see Ref. 15 . Because of this birefringence, the antiferromagnetic T domains lead to a cross-hatch structure in thin epitaxial films of NiO (100) on MgO observable using cross-polarized optical microscopy. 21 Since the primitive chemical unit cell contains one NiO formula unit, there are three acoustic and three optical phonons. In the approximate cubic rocksalt structure, the optical phonons are threefold degenerate with T 1u symmetry (in the absence of long-range forces). The infrared active phonons have an energy of 390 cm À1 at the Brillouin zone center, a) Electronic mail: zollner@nmsu.edu; URL: http://ellipsometry.nmsu.edu which was determined using neutron diffraction 22, 23 and infrared transmission [24] [25] [26] and reflection. 24, 25, 27 These TO phonons cannot easily be observed using first-order Raman spectroscopy (unless activated by impurities), but the LO phonon is more prominent 21, 26, 28, 29 at 570 cm À1 . In the distorted trigonal structure of NiO, the threefold degenerate T 1u zone-center optical phonon will split into a singlet (A 2u ) and a doublet (E u ), depending on whether the phonon wave vector is oriented along the hexagonal axis or lies within the hexagonal plane. The ordinary dielectric function o of a single-domain NiO crystal will therefore contain a TO/LO pair arising from the E u vibrations, while the extraordinary dielectric function e will have a TO/LO pair due to the A 2u vibration.
However, since the trigonal distortion is small, this A 2u /E u splitting is negligible (on the order of 0.5 cm À1 in Ref. 30 ). On the other hand, there is a splitting on the order of 1%-10% of the TO phonon energy due to magnetic ordering. 13, 18, 31, 32 This splitting was observed using inelastic neutron scattering 33 and inelastic x-ray scattering, 30 but there is considerable uncertainty about the size and sign of this TO mode splitting, with results ranging from 8 to 30 cm -1 . In other hexagonal materials, such as SiC, sapphire, or quartz, the splitting between the singlet and doublet TO phonons can easily be observed using infrared reflectance 34 or ellipsometry. 35, 36 We expect that both TO modes should also be infrared active in NiO. This TO mode splitting is noticeably absent in the reststrahlen bands of NiO measured using infrared reflectance. 24, 27 Whether it can be observed using infrared spectroscopic ellipsometry at room temperature is the topic of the paper.
The manuscript is organized as follows: We first describe our LiF and NiO samples and the infrared ellipsometry measurements and data analysis techniques. We then present results for LiF (similar to those of Humliček 8 ) and determine the zone-center optical phonon energies of a simple undistorted rocksalt compound where antiferromagnetic effects are absent. Finally, we discuss the TO and LO phonons in NiO. We observe a very weak second phonon pair in NiO, but we argue that this mode is due to two-phonon absorption (just like in LiF), not due to an antiferromagnetic TO mode splitting or zone folding.
II. SAMPLES AND EXPERIMENTAL DETAILS
Single-side polished LiF substrates with (100) and (111) surface orientations and 10 Â 10 mm size were obtained commercially. 37 High-resolution x-ray diffraction rocking curves showed that the (100) substrate consisted of multiple domains with slightly different orientations, while the (111) oriented substrate was more uniform. Both substrates showed similar infrared ellipsometry results, and therefore, only the results of the (111) oriented substrate are shown.
Single-and double-side polished NiO substrates with (111) surface orientation were purchased from SurfaceNet GmbH. 38 This substrate had an irregular elliptical shape with a diameter on the order of 8 mm. For these samples, the cubic body diagonal, i.e., the (111) axis in the undistorted rocksalt and also the hexagonal axis, is perpendicular to the sample surface. Ellipsometry measurements of a hexagonal single crystal with the hexagonal axis along the surface normal measure approximately the ordinary dielectric function, where the electric field vector is perpendicular to the hexagonal axis. Our NiO crystal is, of course, twinned and consists of different domains. High-resolution x/2h x-ray scans show the hexagonal (006) and (202) peaks near 2h ¼ 79. 4 , as expected from the rhombohedral distortion. For some T domains, 15 the magnetic axis will be oriented along the surface normal, while for others it will be tilted from the surface normal by 109
. Its optical response is therefore expected to be isotropic (pseudocubic) and both zone-center TO phonons (E u and A 2u ) are expected to be observable in optical spectra with an intensity ratio of approximately 2:1 (in-plane:out-ofplane vibrations).
Infrared spectroscopic ellipsometry measurements 35 were carried out at the Center for Integrated Nanotechnologies located at Sandia National Laboratories on a J.A. Woollam FTIR-VASE instrument as described elsewhere. 39, 40 This instrument is capable of acquiring the ellipsometric angles w and D from 250 to 6000 cm À1 (or 0.03 to 0.8 eV). It is based on a fixed analyzer (0 , 180 ), a fixed polarizer (645 ) and a rotating compensator. We measured at four incidence angles (60 , 65 , 70 , and 75 ) with a resolution of 8 cm
À1
, much less than the observed phonon broadenings.
For crystalline substrates with minimal surface layers (native oxide, organic or molecular contamination, surface roughness), the ellipsometric angles in the mid-infrared can be converted into a pseudodielectric function hi, which is almost identical to the true dielectric function for an isotropic sample. For such samples, the ellipsometric angle D is very close to 0 or p far above the LO phonon energy. No fitting of the data is required to determine , as explained in Ref. 39 . The transverse optical phonons appear as peaks in the dielectric function , while the longitudinal optical phonons cause peaks in the loss function À1/.
To determine the phonon parameters (energies, amplitudes, and broadenings) and the static and high-frequency dielectric constant, we expand as a sum of Lorentzians and also using a factorized Lowndes-Gervais model. 39 The Lorentz model
yields the high-frequency dielectric constant 1 and the TO energies x i , amplitudes A i , and broadenings c i . The Lowndes-Gervais model
often gives a better description for phonon absorption spectra, because the TO and LO phonons have two separate broadening parameters. Both models and physical constraints on their parameters were discussed in detail elsewhere. 35, [39] [40] [41] [42] [43] One constraint on the parameters in Eq. (2) follows from the transparency of insulators from the highest LO energy to the fundamental band gap. This near-infrared constraint 41, 43 implies that the sum of all TO broadenings must equal the sum of all LO broadenings
The sum of LO broadenings should not be less than the sum of TO broadenings to ensure that 2 remains positive for a passive medium. 35, 42 Another constraint (assuming that the x i,TO and x i,LO are sorted by increasing frequency, i.e., x i,TO < x iþ1,TO with a similar inequality for the LO phonon energies) is
This condition is often implied, but not specifically mentioned by Berreman and Unterwald 41 
(4).
Following Berreman and Unterwald, 41 we take the viewpoint that poles of are TO phonons and zeroes of are LO phonons, without implying anything about the relationship between the phonon wave vector and its displacement. As shown by Eq. (2), there is an ensemble of poles (TO modes) and of zeroes (LO modes), but no canonical method to associate a given TO mode with a specific LO mode can be derived from this equation. However, physical arguments will often guide us. For example, lattice dynamical models may be able to calculate phonon energies taking into account the Coulomb interaction, thus identifying TO/LO phonon pairs.
In addition to strong infrared absorption caused by infraredactive phonon modes, we also must consider multiphonon absorption, which is usually weaker than single-phonon absorption (except in nonpolar materials such as silicon). Multiphonon absorption is caused by a continuum of phonon modes. In the case of LiF and NiO, we only consider twophonon absorption. For an exact description of two-phonon absorption, a cluster consisting of many poles and zeroes is needed. Due to the large broadenings, the two-phonon absorption clusters for LiF and NiO are far from the real axis and therefore can be replaced by a single pole/zero pair. 41 Twophonon absorption can be approximated with a single pole of (which we call a TO phonon in a generalized sense). The real part of this pole gives the approximate position of the twophonon absorption peak, while its imaginary part is related to its broadening. Two-phonon absorption also leads to a zero of , which is found as a peak in the loss function. Neither the two-phonon pole nor the associated zero should be identified with a transverse or longitudinal vibration of atoms.
III. RESULTS FOR LiF
Our results for LiF are very similar to those of Humliček, 8 but worth summarizing to explain the similarities and differences between LiF and NiO. The ellipsometric angles w and D for LiF (111) in the reststrahlen region are shown in Fig. 1 . The angle w rises at the TO energy to about 43 and drops again above the LO energy, forming the wellknown reststrahlen band. w never rises above 45 which would be an indicator of anisotropy effects. 43 The reststrahlen band becomes wider in energy, as the angle of incidence increases (becomes more shallow). The angle D drops from p below the TO energy toward 0 near the LO energy. The peak of D at 900 cm À1 is an artifact. The reflectances r p and r s for both polarizations at this energy are very low, 2 and therefore, the experimental errors for q ¼ tan w exp ðiDÞ ¼ r p =r s are very large.
Near 500 cm À1 , there is a dip in the reststrahlen band, indicating additional absorption in the LiF crystal, which is not related to the primary zone-center TO/LO pair. In the case of LiF, this absorption is due to two-phonon processes. Eldridge 6 assigns this absorption to a combination of transverse acoustic (TA, L 3 symmetry) and TO (L The sum of the TA and TO energies at L is larger than the zone-center TO and smaller than the zone-center LO energy. The large ionicity of LiF causes a huge zone-center TO/LO splitting. Therefore, the two-phonon TAþTO absorption lies in the middle of the reststrahlen band and causes a clearly visible dip in w (see Fig. 1 ). This two-phonon absorption becomes less visible at higher temperatures. 3 As explained by Humliček, there is enhanced sensitivity in the ellipsometry experiment if absorption occurs within the range of the reststrahlen band. 8 The infrared absorption of LiF is shown by 2 in Fig. 2 . Apart from the dominant zone-center TO phonon, there is clearly a weak absorption peak at around 520 cm
À1
(64 meV) due to two-phonon processes. The magnitude of the main TO peak agrees well with the results of Gottlieb. The loss function shows a strong peak at the LO energy and also a weak shoulder due to two-phonon absorption near 508 cm À1 (63 meV). The small two-phonon absorption near the LO energy also reduces the peak in the loss function.
The phonon parameters for LiF determined using the Lorentz and Lowndes-Gervais expansion of the dielectric function 39 are shown in Table I . We find good agreement with Humliček. 8 We note that the zero (LO) energy associated with two-phonon absorption is lower than the corresponding pole (TO) energy. Such an inversion of the TO and LO energies (E LO < E TO ) is known to occur for some crystals and has been explained through mode-coupling in lattice dynamical calculations. 46 The best fit to the ellipsometric angles (using the Marquardt-Levenberg algorithm) is found with two Lowndes-Gervais oscillators, as shown by Eq. (2). There is some variability in the phonon parameters depending on the model used to fit the data. There is a strong correlation in the fit between the TO and LO energies of the weak two-phonon peak, and also between the corresponding TO and LO broadenings. On the other hand, the correlations between the energies and broadenings are small. (This result was found for both LiF and NiO.)
An inspection of the condition (3) for fitting the LiF data with a single TO/LO pair shows that c TO is 20% larger than c LO , somewhat violating the condition (which implies that both broadenings should be equal). Since c LO < c TO , 2 becomes slightly negative in the near-infrared, as predicted by Lowndes 42 or Schubert. 35 When fitting the LiF data with two TO/LO pairs, then the condition (3) is satisfied, since the errors of the broadenings for the two-phonon absorption peaks are rather large. 2 remains positive for this solution.
IV. RESULTS FOR NiO
The ellipsometric angles for NiO (111) are given in Fig.  3 , and the resulting phonon parameters obtained by fitting the data with Eqs. (1) and (2) are given in Table II . Just like for LiF, we see a reststrahlen band extending from the TO energy of 393 cm À1 to the LO energy of 594 cm
À1
. It is also clear that a single phonon cannot explain the observed shape of the reststrahlen band. The ellipsometric angle w rises to 43 above the TO energy, but then drops to 39 at 550 cm
. This drop indicates the presence of a weak infrared absorption peak located at 550 cm À1 within the reststrahlen region.
In our data, we did not find the absorption peak near 2000 cm À1 that has been attributed to magnon-related infrared absorption. [24] [25] [26] The maximum absorption coefficient of this peak is only 30 cm
, which is too low to be observable using ellipsometry. 24 In analogy to LiF, we assign this weak absorption near 550 cm À1 to two-phonon processes. Referring to the inelastic neutron scattering data for NiO, 22 we find
, in good agreement with the observed two-phonon absorption at 548 cm À1 .
In Fig. 4 , we show the absorption of NiO represented by 2 . There is a very strong TO absorption peak at 393 cm À1 and a much weaker TA þ TO absorption peak at 548 cm (1) 31 (1) asymmetry on the high-energy slope of the LO peak is due to missing data points near 650 cm
, where the reflected intensity is very low. On the low-energy slope of the loss function, there is a shoulder near 542 cm À1 , which is the loss function peak associated with the TAþTO absorption. Just like for LiF, the loss function peak of the TA þ TO absorption is inverted, i.e., it has a lower energy than the associated peak in 2 , while still satisfying condition (4) .
When fitting the NiO data with one TO/LO pair, we find that c LO % 2c TO , ensuring that 2 remains positive. When fitting these data with two pairs of poles and zeroes, then Eq. (3) is satisfied within the errors of the broadening parameters. The sum of the LO broadenings is slightly larger than the sum of the TO broadenings.
V. DISCUSSION
Following Lowndes, 42 the dielectric function in the infrared spectral region is an analytical complex function and therefore completely described by its zeroes and poles. Infrared lattice absorption by phonons causes strong reststrahlen bands in both LiF and NiO, extending from the zone-center TO to the zone-center LO mode with energies given in Tables I and II. The TO modes cause strong peaks in 2 , while the LO modes cause strong peaks in the loss function. Since the mass of fluorine is larger than the mass of oxygen, the TO energy of LiF is lower than the TO energy in NiO. On the other hand, LiF is much more ionic than NiO. Therefore, the LO energy of LiF is larger than the LO energy of NiO.
Within the reststrahlen region, infrared reflectance and ellipsometry experiments show heightened sensitivity for small secondary absorption peaks. For this reason, the weak TAþTO absorption of LiF shows up as a dip in the center of its reststrahlen band, which has been observed by reflectance. 2, 3, 8 The situation is slightly different for NiO, where the ionic TO/LO mode splitting is much smaller. Therefore, the reflectivity (or w) dips at the TA þ TO absorption frequency of 548 cm
À1
, but never has a chance to recover to its peak value (as in LiF), because the LO frequency is just slightly higher at 594 cm
. Since infrared reflectance measurements 2, 3, 8 could easily observe the TA þ TO two-phonon absorption in LiF, one wonders why this TO þ TA absorption was not seen by Newman and Chrenko 24 for NiO. Simulations show the following: Because the TO þ TA absorption is so close to the LO energy in NiO, a very high angle of incidence (70 or 80 ) and p-polarized reflectance would be required to resolve these two peaks in the reststrahlen bands of NiO. Using shallower incidence angles or s-polarized reflectance it is much harder to separate the two peaks. 25, 27 We summarize our results with the statement that infrared reflectance spectra in LiF and NiO have the same physical origin: The dominant reststrahlen bands due to the zone-center TO/LO phonon pairs are modified by weak two-phonon (TA þ TO) phonon absorption. There is no fundamental difference between the two materials. Specifically, we have not found any evidence or a modification of the zone-center phonons in NiO due to the antiferromagnetic coupling or the doubling of the magnetic unit cell in NiO.
Since both zone-center TO phonons in NiO (singlet and doublet) should be infrared active, both should be present in infrared reflectance and ellipsometry spectra, given the random orientation of the four antiferromagnetic T domains in our (111)-oriented sample. Since we only observe one TO phonon, we place an upper limit of 17 cm À1 (the broadening of the TO phonon) on the magnitude of the antiferromagnetic mode splitting. This is within the range of the theoretical and experimental results expected for this splitting, as discussed above.
It would be interesting to perform infrared ellipsometry measurements on untwinned NiO crystals in a magnetic field, but that is beyond our experimental capabilities. The two phonons could be separated on a sample with the magnetic axis oriented in the surface, by rotating the sample about the surface normal. Measurements at lower temperatures also may decrease the TO broadening parameter, which may help to resolve the two expected TO phonons.
Since the magnetic unit cell of NiO is doubled along the hexagonal axis, the L-point in the chemical unit cell is folded back to the origin (C) in the magnetic unit cell. Therefore, it might be possible to detect an L-point phonon in infrared experiments, because it has a vanishing crystal momentum in the magnetic unit cell. We have previously 47 given this explanation for our observations of the reststrahlen band shape. This explanation is plausible because the LO phonon at the L-point (L 0 1 ) has an energy of 544 cm À1 and is therefore degenerate with the TA þ TO two-phonon absorption (2) 55 (4) 542 (2) band. 22 However, after a detailed comparison of the reststrahlen bands in LiF and NiO, we believe it is more prudent to assign the weak absorption in NiO to two-phonon processes.
VI. SUMMARY
The infrared ellipsometry spectra of LiF and NiO are dominated by strong reststrahlen bands caused by the zonecenter TO and LO phonons in the rocksalt crystal structure. The reststrahlen bands are modified by weak TA þ TO twophonon absorption, because the TA þ TO energy falls between the TO and LO energies, thus giving rise to enhanced sensitivity of ellipsometric spectra in detecting small absorption coefficients. We found no evidence of TO mode splitting in NiO due to antiferromagnetic coupling. We place an upper bound of 17 cm À1 on the magnitude of this splitting. While the weak absorption at 548 cm À1 could also be due to zone-folding in the doubled magnetic unit cell, we believe that the two-phonon assignment is more likely. The strength of infrared magnon absorption was too weak to be detected in our experiment.
